negative consequences on cell functions (Halliwell & Gutteridge, 2015) . GBHs have been 85 previously found to induce oxidative stress and damage in a variety of organisms and tissues, 86 including embryos (reviewed in Gill et al., 2018) . We quantified glyphosate residues in eggs, 87 but also maternal allocation to eggs (egg, yolk, and shell mass and yolk thyroid hormone 88 concentration) to account for potential indirect GBH effects. Prenatal thyroid hormones (THs) 89 (thyroxine, T4 and triiodothyronine, T3) play a key role in coordinating embryo development 90 quails were selected as the model species because the results can be applied to both wild birds 94 feeding on GBH-contaminated food in the field and to poultry farming. We experimentally 95 exposed parental bird generation to GBHs or respective controls from 10 days of age to 12 96 months. The egg samples were collected at 4 and 12 months to examine the potential 97 cumulative effects of long-term exposure. We predicted (1) negative effects on egg quality 98 (egg, yolk, and shell mass as well as egg thyroid hormones); (2) negative effects on embryo 99 development; and (3) higher oxidative stress and damage in the embryos from GBH-exposed 100 parents compared to controls. 101 102
Material and methods 103
We performed an experiment in which a parental generation of Japanese quails were fed with 104 either GBH-contaminated food (N = 13 breeding pairs) or control food (N = 13 breeding pairs) 105 from the age of 10 days to 12 months. Eggs from the parental generation were artificially 106 incubated and analyzed for embryo traits. The chicks of the parental generation were randomly and evenly divided into two groups from 111 all parents and sexes. Due to unknown reasons, the sex ratio of hatchlings was biased toward 112 males; however, all hatched chicks were included in the experiment. The samples sizes were: 113 15 (GBH, female), 23 (GBH, male), 14 (control, female), and 24 (control, male), from which 114 13 breeding pairs for each treatment were formed. 115
The GBH-exposed group was fed organic food (Organic food for laying poultry, 116 "Luonnon Punaheltta" Danish Agro, Denmark) with added commercial GBH (Roundup Flex ® 117 480g/l glyphosate, present as 588g/l [43.8% w.w] of potassium salt of glyphosate, with 118 surfactants alkylpolyglycoside (5% of weight) and nitrotryl (1% of weight) (AXGD42311 119 5/7/2017, Monsanto, 2002). The control group was fed the same organic food in which water 120 was added without GBH. A GBH product was selected over pure glyphosate to mimic the 121 exposures in natural environments including exposure to adjuvants, as adjuvants may increase 122 the toxicity of glyphosate (Gill et al., 2018; Mesnage & Antoniou, 2018). However, with this 123 experimental design we could not distinguish the potential effects of adjuvants themselves, or 124 whether they altered the effects of the active ingredient, glyphosate. The concentration of 125 glyphosate in the GBH food was aimed at ca 200 mg/kg food, which is ca ½ of that calculated 126 in grains (available to granivorous birds) after GBHs are spread on a grain field (Eason & 127 Scanlon, 2002) . This concentration in the food corresponds to a dose of 12-20 mg 128 glyphosate/kg body mass/day in full-grown Japanese quails. The European Food Safety 129 Authority (EFSA) reports a NOAEL (No Adverse Effects Level) of 100 mg/kg body mass/day 130 for poultry (EFSA, 2018); therefore, our experiment tests a rather moderate concentration well 7 below this threshold. Furthermore, a dose of 347 mg/kg did not negatively influence adult body 132 mass in Japanese quails in a short-term experiment (Eason & Scanlon, 2002) . According to the 133 manufacturer, acute toxicity (LC50) (via food) of Roundup Flex® is >4640 mg/kg food for 134 mallards (Anas platyrhynchos) and bobwhite quail (Colinus virginianus). 135
To verify the treatment levels, glyphosate concentration was measured in 6 batches of 136 food and residue levels were measured in excreta (feces and urine) samples after 12 months of 137 exposure. Excreta of 4 to 6 randomly chosen individuals per treatment and sex were pooled. 138
We analyzed glyphosate residues from 2 control pools (one female and one male pool) and 3 139 glyphosate pools (1 female and 2 male pools). Glyphosate residues were measured via LC-140 MS/MS (certified laboratory, Groen Agro Control, Delft, The Netherlands). The extraction was 141 performed with a mixture of water and acidified methanol. The analyses were performed with 142 a liquid chromatography coupled to a tandem quadruple mass spectrometer (LC-MS/MS). The 143 separation was performed with a mixed mode column using a gradient based on a mixture of 144 water and acetonitrile. A specific MRM (multiple reaction monitoring) was used to identify the 145 component and standard addition to quantify the concentration. The detection limit was 0.01 146 mg/kg. The average glyphosate concentration of 6 batches of food was 164 mg/kg (S.E. ± 55 147 mg/kg). The average glyphosate concentration in 3 pools of excreta samples (urine and fecal 148 matter combined) was 199 mg/kg (S.E. ± 10.5 mg/kg). The control feed and control pools of 149 excreta were free of glyphosate residues (<0.01 mg/kg). 150 GBH food was prepared every week to avoid potential changes in concentration caused 151 by degradation. Diluted Roundup Flex ® was mixed with the organic food in a cement mill 152 (Euro-Mix 125, Lescha, Germany). The food was air-dried and further crushed with a food 153 crusher (Model ETM, Vercella Giuseppe, Italy) to a grain size suitable for the birds considering 154 their age. The control food was prepared using a similar method, but only water was added to 155 crushing, the dry food was stored in closed containers at 20° C in dry conditions. Separate 157 pieces of equipment for food preparation and storage were used for GBH and control food to 158 avoid contamination. 159
Egg collection: Egg mass and egg thyroid hormones 160
Parental generation was reared in same-sex groups for the first 12 weeks and thereafter in 161 randomly allocated female-male pairs of the same treatment. Eggs were collected when the 162 birds were 4 and 12 months old. Eggs from each cage were collected eggs daily (quails 163 generally lay one egg per day), marked individually, and weighed. A total of 221 and 96 eggs 164 were collected at 4 and 12 months, respectively. 165
Egg quality: Yolk and shell mass and thyroid hormones 166
Yolk and shell mass and yolk thyroid hormones were measured from 12 eggs in the GBH 167 treatment group and 12 eggs in control group, collected after 4 months of exposure. Eggs were 168 thawed and the yolk and shell were separated and weighed (accuracy 1 mg). Yolk was 169 homogenized in MilliQ water (1:1) and a small sample (ca 10 mg) was used for further analysis. (2019). Fresh eggs collected at 10 months of exposure were frozen at -20° C for glyphosate 184 residue analysis. Prior to analysis, the eggs were thawed and the shells were carefully removed. 185
To avoid contamination, all eggs were processed in a lab that had never been in contact with 186 glyphosate, using clean materials (gloves, petri dishes, and tubes) for each egg. When removing 187 content from each eggshell, the egg content was never in touch with the outer eggshell. 188
Contents of 5 eggs (5 different females) from the control treatment were pooled for glyphosate 189 residue analysis. Contents of 5 eggs (5 different females) from the GBH treatment were 190 individually analyzed for glyphosate residues. 191 After parental exposure for 12 months, 44 GBH and 52 control eggs were collected 206 fresh and incubated for 10 days as above to assess general development. Thereafter, the brain 207 tissue of the embryo was studied for oxidative status assessment. Embryos were chilled, 208 whole brain tissues were collected, then they were snapped frozen in liquid nitrogen and later 209 stored at -80° C. 2019), which is above the levels reported in the previous literature (FAO, 2005) . Egg mass 268 from GBH and control parents did not differ after 4 or 12 months of exposure (treatment F1, 17,1 269 = 0.12, p = 0.73, treatment*period F1, 270 = 0.02, p = 0.89, Table 1 ) but was generally larger at 13 12 months of age (F1, 271 = 8.8, p = 0.003). No differences between GBH exposed and control 271 females in yolk mass, shell mass, or egg T3 and T4 concentrations were detected (Table 1) . 272
Embryo development was normal in 89% of control eggs while 76% of GBH eggs had 273 normally developed embryos. This difference tended to be statistically significant (treatment 274 F1, 22 = 3.08, p = 0.09) and the trend was similar at both 4 and 12 months of exposure 275 (treatment*period F1, 312 = 0.6, p = 0.43, Figure 1 ). The un/underdeveloped eggs were 276 distributed across pairs and for none of the pairs were all eggs classified as undeveloped. We 277 detected no major developmental deformities by visual screening of the 10-d embryos and 278 histological samples (see Supplementary Figures 1a, b ). Brain mass did not differ between 279 embryos from GBH-exposed and control parents (mean±SD in mg; GBH: 67.1±12.5, control 280 68.1±15.5; F1,31 = 0.04, p = 0.84). Brain oxidative status at 12 months of parental exposure was 281 measured from 19 control and 16 GBH embryos. We measured ca 20% higher lipid damage in 282 the GBH embryos than controls. This difference tended to be statistically significant (F1, 16.8 = 283 3.2, p = 0.088, Table 2 ), yet there were no differences in the activity of antioxidant enzymes 284 GST, GP, or CAT between the two groups (Table 2) . 285 286 Discussion 287
Our results indicate that parental exposure to GBHs may lead to negative effects on embryo 288 development and physiology. Because we detected no changes in egg quality (egg, yolk, shell 289 mass, or egg hormone concentration), our results suggest that poorer embryo development and 290 increased brain tissue lipid damage are likely to be explained by the direct effects of GBHs 291 rather than by indirect effects via the altered allocation of resources or hormonal signals to 292 offspring. 293
The tendency for poorer embryo development in eggs of GBH-exposed parents may be 294 explained by GBH-related effects via either a paternal or maternal route, or both. The eggs with 295 no development visible to the naked eye could have been completely infertile or showing 296 developmental arrest at an early stage. We selected embryonic development as an estimate of 297 reproductive success because it is relevant for the poultry industry and for assessing GBH 298 effects on population growth in wild species. Thus, our methodology could not distinguish 
Conclusions 328
In short, our results suggest altered embryonic development and increased embryonic oxidative 329 stress in response to parental GBH exposure in a bird model. Similar results have been found 330 with other vertebrates in previous studies. In a natural ecosystem, transmissive and 331 transgenerational effects may lead to delayed and cascading impacts of agrochemicals; this 332 may potentially explain why some non-target animal populations recover slowly after being 333 exposed to environmental contamination. Thus, recurrent changes in wild populations or in 334 production animals often remain unexplained and may be rarely linked to GBH exposure. 335
While we did not detect any GBH-related changes in maternal allocation, to our knowledge, 336 this is the first long-term study demonstrating transgenerational effects of GBHs with birds. 337
More studies are needed for characterizing GBH-associated changes in maternal allocation and 338 Table 2 . Average (±SD) of glutathione-S-transferase (GST), glutathione peroxidase (GP), 533 catalase (CAT) activity, and damage to lipids (MDA) in 10-day-old Japanese quail embryos 534 exposed to maternally-derived glyphosate-based herbicide (GBH) or unexposed embryos 535 (control). Associate statistics from linear mixed models (LMMs) are reported below. 
